
mRNA splicing-mediated C-terminal replacement of
transcription factor Hac1p is required for efficient
activation of the unfolded protein response
Kazutoshi Mori*†‡, Naoki Ogawa*, Tetsushi Kawahara*, Hideki Yanagi*, and Takashi Yura*

*HSP Research Institute, Kyoto Research Park, Shimogyo-ku, Kyoto 600-8813, Japan; and †Graduate School of Biostudies, Kyoto University, Sakyo-ku, Kyoto
606-8304, Japan

Communicated by Carol A. Gross, University of California, San Francisco, CA, January 10, 2000 (received for review July 15, 1998)

Eukaryotic cells control the levels of molecular chaperones and
folding enzymes in the endoplasmic reticulum (ER) by a transcrip-
tional induction process termed the unfolded protein response
(UPR) according to the needs within the ER. In Saccharomyces
cerevisiae, expression of the UPR-specific transcription factor
Hac1p is tightly regulated at the level of mRNA splicing that
depends on an unconventional system. Thus, HAC1 precursor
mRNA is constitutively expressed but not translated. A sensor
molecule Ire1pyErn1p-mediated signaling from the ER specifically
removes an intron of 252 nucleotides from the precursor mRNA,
and the resulting mature mRNA is translated to produce Hac1p.
Because the 5* splice site is located near the C-terminal end of the
Hac1p-coding region, this splicing replaces the last 10 codons of the
ORF with an exon encoding 18 aa without affecting the N-terminal
220-aa region which contains the DNA-binding domain. Here, we
found that this C-terminal 18-aa segment functions as a potent
activation domain. Therefore, the splicing event joins the HAC1
DNA-binding domain to its activation domain, allowing rapid
posttranscriptional generation of a potent transcriptional activator
(238-aa Hac1p) that activates the UPR efficiently. This suggests that
the UPR is hardly activated by Hac1p produced without splicing
(230-aa Hac1p) which may occur in the absence of Ire1pyErn1p-
mediated signaling from the ER. Based on these and other results,
we propose that the control of expression and activity of Hac1p
meets the requirements of the ER.

The levels of molecular chaperones and folding enzymes in the
endoplasmic reticulum (ER) are adjusted by an intracellular

signaling pathway from the ER to the nucleus termed the
unfolded protein response (UPR). Thus, when unfolded proteins
are accumulated in the ER, the UPR is activated to induce
transcription of these luminal protein genes in the nucleus,
primarily to increase the folding capacity and thus maintain
homeostasis of the ER (1–3). Extensive studies of the molecular
mechanism of the UPR in Saccharomyces cerevisiae led to the
identification of three genes as essential components of the
UPR: the IRE1yERN1 gene encoding a transmembrane protein
kinase Ire1p believed to act as a sensor in the ER (4, 5), the
HAC1yERN4 gene encoding a basic leucine zipper-type tran-
scription factor Hac1p (6–8) which directly recognizes the
cis-acting UPR element (UPRE) present in the promoter re-
gions of target genes (9–11), and the RLG1 gene encoding tRNA
ligase Rlg1p (12). In addition, the PTC2 gene was identified;
Ptc2p is a protein serineythreonine phosphatase that appears to
regulate Ire1p negatively (13). In S. cerevisiae, the UPR is
coupled to inositol biosynthesis; cells lacking Ire1p or Hac1p are
not only defective in the UPR but also require inositol for growth
(4–8, 12, 14). It was suggested that production of ER proteins
and ER membrane is coordinately regulated by the UPR (15).

The UPR signal transduction system is distinguished by the
use of an unconventional mRNA splicing system to generate the
UPR-specific transcription factor Hac1p (6, 16, 17). Hac1p is
present only in cells in which the UPR is activated because HAC1
mRNA constitutively expressed as a 1.4-kb precursor mRNA

(premRNA) is not translated because of the presence of an
intron of 252 nucleotides until mRNA splicing is induced in
response to accumulation of unfolded proteins in the ER.
Ire1p-mediated signaling from the ER specifically removes the
intron from HAC1 premRNA, resulting in efficient translation of
the 1.2-kb HAC1 mature mRNA thus produced. Synthesized
Hac1p activates transcription of UPR target genes in the nucleus
through binding to the UPRE. In addition to the observation
that the sequences around the splice sites do not match the
consensus for conventional mRNA splicing (6, 16), spliceosome-
independent, sequence-specific, and nonsequential cleavage of
the splice sites as well as direct involvement of tRNA ligase and
Ire1p (12, 18–20) indicated that the HAC1 mRNA processing
system represents a unique type of mRNA splicing in eukaryotes.

Because the 59 splice site is located within the Hac1p-coding
region, mRNA splicing replaces the C-terminal region of Hac1p
without affecting the N-terminal 220 aa; the premRNA and
mature mRNA encode proteins of 230 aa (230-aa Hac1p) and
238 aa (238-aa Hac1p), respectively, and therefore the tail of
Hac1p switches from 10 aa to the second exon-encoded 18 aa (6,
16) (Fig. 1). Although it was initially proposed that this replace-
ment would markedly affect the stability of the proteins synthe-
sized (6), subsequent analysis has demonstrated that 230-aa
Hac1p forced to be expressed in vivo is as unstable as 238-aa
Hac1p within cells (half-life '2 min) and that the presence of the
intron blocks translation of HAC1 pre-mRNA (16, 17). Thus,
Hac1p is synthesized as the result of mRNA splicing induced by
Ire1p-mediated signaling from the ER, leading to activation of
the UPR.

In this study, we performed experiments to determine the
biological significance of the C-terminal replacement caused by
mRNA splicing. From the results obtained, we propose here a
model for expression and activity of Hac1p in the yeast UPR.

Materials and Methods
Strains and Microbiological Techniques. The yeast strains used in this
study were KMY1105 (MATa leu2–3, 112 ura3–52 his3-D200 trp1-
D901 lys2–801 ura3–52::URA3-UPRE-CYC1-lacZ); KMY1115
(KMY1105 ire1D::TRP1), KMY1145 (KMY1105 hac1D::TRP1)
(16); and KMY1100 (MATa leu2–3, 112 ura3–52 his3-D200 trp1-
D901 lys2–801 ire1D::TRP1 his3-D200::HIS3-UASGAL-CYC1-lacZ)
(this study). The compositions of synthetic complete media used for
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selection of transformants such as SC(2Leu, Ura) were described
(21). Inositol-free media were prepared as described (22). Tunica-
mycin (TM; Sigma) was used at a concentration of 5 mgyml. Yeast
cells were transformed by the lithium acetate method (23).

Construction of Plasmids. Recombinant DNA techniques were
performed as described (24). YCp-HAC1(WT), YCp-HAC1(230
type), and YCp-HAC1(238 type) were described (16). Site-
directed mutagenesis of HAC1 was performed by using a
QuikChange site-directed mutagenesis kit (Stratagene). The
0.3-kb fragment of pGADGH (CLONTECH) carrying the ac-
tivation domain of the yeast transcriptional activator Gal4p
[GAL4(AD)] was inserted into the SpeI site of YEp-HAC1 (7)
in-frame to generate YEp-GAL4(AD)-HAC1.

The 1.8-kb SnaBI–NaeI fragment of pGBT9 (CLONTECH)
containing the ADH1 promoter-DNA-binding domain of Gal4p
[GAL4(DBD)]-multicloning site-ADH1 terminator was trans-
ferred to YCp-L2 (CEN4-ARS1-based single-copy vector carry-
ing the LEU2 selectable marker) (7). The 0.5-kb HindIII–SalI
fragment of the resulting plasmid was replaced with the corre-
sponding fragment of pAS2 (CLONTECH) to introduce a
hemagglutinin epitope tag between GAL4(DBD) and the mul-
ticloning site. This plasmid is referred to here as YCp-
GAL4(DBD) and various fragments of HAC1 or synthetic,
double-stranded oligonucleotides encoding the 10-aa or 18-aa
segment were inserted into appropriate restriction enzyme sites
of YCp-GAL4(DBD).

Assays. b-Galactosidase (b-gal) assays and Northern blot hybrid-
ization analysis were performed as described (5, 7). Labeling of
yeast cells at 30°C with [35S]Met and [35S]Cys [100 mCi (3.7 MBq)
per cells of 2 OD600 units per sample] with EXPRE35S35S
protein-labeling mix (DuPont) and subsequent immunoprecipi-
tation of 35S-labeled Hac1p were performed as described (16).

Results
Molecular Basis for the Increase in Transactivation Activity Caused
by C-Terminal Replacement of Hac1p. It was demonstrated pre-
viously that not only the mature mRNA product of the HAC1
gene (238-aa Hac1p) but also the premRNA product (230-aa
Hac1p) were synthesized and thus detected when an intronless
construct such as YCp-HAC1 (238 type) or YCp-HAC1 (230
type) (Fig. 1 has schematic structures) was introduced into
yeast cells (16, 17). Interestingly, the levels of b-gal produced
from a reporter gene in cells expressing 238-aa Hac1p were
much greater than those in cells expressing 230-aa Hac1p (16,
17), suggesting that 238-aa Hac1p may have higher transacti-
vation activity than 230-aa Hac1p despite the small difference
in the C-terminal region.

To identify the region(s) of HAC1 responsible for such a
difference in transactivation by 230-aa Hac1p and 238-aa Hac1p,
we fused various Hac1p subregions immediately downstream of
the DBD of the yeast transcriptional activator Gal4p [referred to
as GAL4(DBD)]. Transcriptional activation was determined by
measuring the level of b-gal expressed from a UASGAL-CYC1-
lacZ reporter gene integrated into the chromosome (Fig. 1). To
eliminate endogenous Hac1p-dependent transcription, these
experiments were performed in a strain lacking Ire1p required
for splicing of HAC1 mRNA (6, 16). When the subregions
starting from the MluI site (amino acid 92) and thus lacking the
basic leucine zipper domain of Hac1p were fused, the 230-aa type
construct increased b-gal activity by only 1.5-fold over the vector
control (Fig. 1; compare lines 3 and 1), whereas the 238-type
construct did so by 7.3-fold (line 4). Such a difference in
transactivation was maintained when the subregions starting
from the SalI site (aa 174) were compared (lines 5 and 6). These
results suggested that the difference in transactivation could be
ascribed to the C-terminal tail regions replaced by splicing.

We therefore joined synthetic oligonucleotides encoding ei-
ther the last 10 aa of the 230-aa Hac1p or the last 18 aa of the
238-aa Hac1p to the GAL4(DBD) and tested their activation
potential. To avoid possible complications arising from aa
encoded by the multicloning site sequence, a stop codon was

Fig. 1. Transactivation activities of various fragments derived from 230-aa
and 238-aa Hac1p. (Upper) Structures of the WT and mutant HAC1 (238 type
and 230 type) are shown schematically. Boxed TGAs represent stop codons
present in constructs, and thin lines denote nucleotide segments deleted from
HAC1. The DBD of HAC1 is marked by basic leucine zipper. The 10-aa segment
of 230-aa Hac1p and 18-aa segment of 238-aa Hac1p are indicated by the
hatched and stippled boxes, respectively. (A–D) The ire1D strain KMY1100
carrying the UASGAL-CYC1-lacZ reporter gene on the chromosome was trans-
formed with various GAL4(DBD) fusion constructs, the structures of which are
shown schematically. Transformants were grown at 30°C in SC(2Leu) medium
to OD600 of '0.5. b-Gal activities determined are presented as means, based on
duplicate determinations with three independent transformants. Standard
deviation was .10% for all values shown. The ratio of each activity to that of
vector control is presented as -fold increase.
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generated at the site of oligonucleotide insertion, which resulted
in only a slight decrease in the level of b-gal (lines 7 and 11;
compare with line 1). Insertion of the last 10 aa of 230-aa Hac1p
decreased b-gal activity (line 8), indicating that these aa do not
activate transcription. In marked contrast, insertion of the last 18
aa of 238-aa Hac1p enhanced b-gal activity by 6-fold (line 12).
This extent of activation approached 9.9-fold enhancement
achieved by the Gal4p activation domain [referred to as
GAL4(AD); line 2]. Thus, the second exon-encoded 18-aa
segment functions as a potent activation domain.

Examination of aa sequences indicated that the 10-aa segment
contained two Thr, whereas the 18-aa segment contained three
Ser and one Thr, suggesting that phosphorylation may play a role
in transcriptional activity. We therefore mutated each of these
aa to Ala, and examined the activation potential of the mutant
when fused to the GAL4(DBD). The aa encoded by the second
exon are marked by asterisks to discriminate them from those in
the 10-aa segment. Changes in neither Thr224 nor Thr226 in the

10-aa segment to Ala affected b-gal expression (compare lines
9 and 10 with line 8). In contrast, the change of Ser238* to Ala
completely abolished the increase in b-gal (compare line 16 with
line 12), whereas other changes had almost no effect (lines
13–15). Furthermore, the change of Ser238* to Asp more than

Fig. 2. Effects of expression of various Hac1p mutants on cell growth. The
hac1D strain KMY1145 with the UPRE-CYC1-lacZ reporter gene integrated
into the chromosome was transformed with vector alone (V, YCp-L2) (7) or a
single-copy expression plasmid carrying WT or mutant HAC1, streaked on
SC(2Leu, Ura) agar, and grown at 30°C for 3 days. Relative sizes of colonies of
typical transformants obtained 4 days after transformation are also shown at
the top for comparison.

Fig. 3. Comparison of transcriptional activator activity of 230-aa Hac1p and
238-aa Hac1p(S238*A). KMY1145 was transformed with vector alone (V) or a
single-copy expression plasmid carrying WT or mutant HAC1. Transformants
were grown at 30°C in SC(2Leu, Ura) medium. (A) Overnight cultures were
diluted with H2O to OD600 of '0.1 and then a series of 10-fold dilutions were
prepared. Aliquots (2 ml) each were spotted onto SC(2Leu, Ura) agar contain-
ing (1) or lacking (2) inositol and incubated at 30°C for 2 days. (B) Aliquots of
cells at midlogarithmic phase were incubated at 30°C for 3 h in the presence
(hatched bars) or absence (solid bars) of TM. b-gal activities determined are
presented as means 6 standard deviation (bars), based on duplicate determi-
nations with three independent transformants. (C) Each transformant was
grown in the absence of TM and pulse labeled at 30°C for 6 min with [35S]Met
and [35S]Cys. Hac1p was then immunoprecipitated and subjected to SDSyPAGE
(12% gel). 35S-labeled bands were visualized and quantified by using a Bio-
Imaging Analyzer BAS-2000 (Fuji). The positions of 230-aa Hac1p and 238-aa
Hac1p are indicated and the asterisk denotes a nonspecific band. It should be
noted that 238-aa Hac1p migrated faster than 230-aa Hac1p because of the
difference in number of charged residues in the tail region (16). (D) Total RNA
was extracted from each transformant grown at 30°C to midlogarithmic phase
in the absence of TM and analyzed by Northern blot hybridization by using a
32P-labeled probe specific to KAR2, PDI1, or ACT1. mRNA bands were visual-
ized by exposing the filter to x-ray film.
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doubled the increase in b-gal expression (line 17), indicating the
importance of a negative charge at aa238*.

To assess the contribution of the 18-aa segment-mediated
transactivation to the overall transcriptional activity of Hac1p,
we introduced the S238*A or S238*D mutation into the fusion
of GAL4(DBD) with the 92–238-aa region of the 238-aa Hac1p.
As compared with the wild type (WT; line 19), the change of
Ser238* to Ala decreased the b-gal expression to one third (line
20), whereas the change to Asp increased the b-gal expression by
1.8-fold (line 21). These results strongly suggested that the 18-aa
segment plays a major role in transactivation activity of Hac1p
and that Ser238* in the 18-aa exon is crucial for transactivation,
probably because it is phosphorylated.

238-aa Hac1p Has Significantly Higher Transactivation Activity than
230-aa Hac1p. To examine whether transactivation activities ex-
hibited by fusion with GAL4(DBD) actually reflected those of
Hac1p, we introduced the S238*A or S238*D mutation into
238-aa Hac1p and examined their effects. Because HAC1 is not
essential, hac1D cells carrying the vector alone grew as fast as
those carrying a single-copy expression plasmid YCp-
HAC1(WT) (Fig. 1 Upper for its schematic structure) which
produces 238-aa Hac1p in response to accumulation of unfolded
proteins in the ER (Fig. 2; compare lines 1 and 2). As reported
(6, 16), however, constitutive expression of large amounts of
238-aa Hac1p from the intronless construct YCp-HAC1(238
type) caused slow growth (line 3), presumably because consti-
tutively elevated levels of the UPR target proteins in the absence
of unfolded proteins accumulated in the ER are toxic to cells. In
contrast, constitutive expression of large amounts of 230-aa
Hac1p from the similar intronless construct YCp-HAC1(230
type) did not affect the growth rate (line 6) because of its low

transactivation potential (Fig. 3). We found that, as compared
with WT (line 3), the change of Ser238* to Asp caused even
slower growth (line 5), whereas the change to Ala supported
faster growth (line 4). Thus, the relative colony sizes of trans-
formants expressing various mutant forms of Hac1p (Fig. 2) were
inversely correlated with their transactivation activities deter-
mined by the GAL4(DBD) fusions (Fig. 1).

Nonetheless, we could not determine the actual difference in
transactivation potential between 238-aa Hac1p and 230-aa
Hac1p mainly because of the slow growth rate of cells expressing
238-aa Hac1p from the intronless construct YCp-HAC1(238
type). To circumvent this difficulty, we compared transactivation
activity of 230-aa Hac1p with that of mutant 238-aa Hac1p. Cells
expressing 238-aa Hac1p(S238*A) from YCp-HAC1(238 type-
S238*A) showed comparable growth to those expressing 230-aa
Hac1p from YCp-HAC1(230 type) (Fig. 2). In addition, both
238-aa Hac1p(S238*A) and 230-aa Hac1p suppressed the ino-
sitol requirement of the hac1D strain completely (Fig. 3A). In
contrast, the level of b-gal constitutively produced from the
UPRE-CYC1-lacZ reporter gene in cells expressing 238-aa
Hac1p(S238*A) (Fig. 3B; lane 4) was eightfold greater than that
in cells expressing 230-aa Hac1p (Fig. 3B; lane 3) when b-gal
obtained with the vector control (Fig. 3B; lane 2) was subtracted.
Northern blot hybridization analysis showed that the levels of
KAR2 mRNA and PDI1 mRNA, targets of the UPR, were
correlated well with those of b-gal (Fig. 3D). On the other hand,
immunoprecipitation analysis revealed that the amount of
238-aa Hac1p(S238*A) constitutively expressed in the transfor-
mant was comparable (only twofold greater) with that of 230-aa
Hac1p (Fig. 3C). This quantitative analysis clearly indicated that
238-aa Hac1p(S238*A) possesses 4-fold higher transactivation
activity than 230-aa Hac1p. Given the considerable difference in

Fig. 4. Hac1p of 230-aa efficiently activated the UPR only after fusion with a potent activation domain. (A) Structures of YEp-V (YEp351) (26), YEp-HAC1, and
YEp-GAL4(AD)-HAC1 are presented schematically. Strain KMY1105 with normal ER-nuclear signaling activity (ERN1) and ire1D strain KMY1115 carrying the
UPRE-CYC1-lacZ reporter gene on the respective chromosome were transformed. (B) 35S-labeled Hac1p was immunoprecipitated from KMY1115 transformed
with the indicated plasmid and analyzed as described in the legend to Fig. 3C. The arrow and arrowhead indicate 230-aa Hac1p and Gal4p(AD)-Hac1p fusion
protein, respectively. The amount of Gal4p(AD)-Hac1p was 3-fold greater than that of 230-aa Hac1p. Aliquots of 35S-labeled 230-aa and 238-aa Hac1p were mixed
and run on the same gel for comparison (lane Std.). (C) Inositol prototrophy of each transformant was determined as described in the legend to Fig. 3A. (D) b-Gal
assays were performed as described in the legend to Fig. 3B. The line numbers in D correspond to those in C.
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transactivation by 238-aa Hac1p(WT) and 238-aa
Hac1p(S238*A) (Figs. 1 and 2), we concluded that mRNA
splicing-mediated C-terminal replacement of Hac1p has an
impact on the UPR because the transactivation potential of the
synthesized protein was markedly enhanced by the replacement.

Hac1p Needs to Acquire an Activation Domain to Activate the UPR
Efficiently. HAC1 was previously isolated as a multicopy suppres-
sor of the ire1D strain (6, 8). We also found that when HAC1 was
expressed from a multicopy vector designated as YEp-HAC1
(Fig. 4A) in the ire1D strain, the inositol requirement was
suppressed (7). Because no splicing should take place in the ire1D
strain (6, 16), these results suggested that multicopy expression
could somehow release HAC1 premRNA from the translational
block, possibly allowing expression of 230-aa Hac1p. Indeed,
small amounts of 230-aa Hac1p were detected by immunopre-
cipitation from the ire1D cells carrying YEp-HAC1 (Fig. 4B, lane
2, arrow), which could grow in the absence of inositol unlike
ire1D cells carrying a vector alone (Fig. 4C, line 3, compare with
line 2). However, this multicopy expression of HAC1 did not
result in production of b-gal from the UPRE-CYC1-lacZ re-
porter gene used to monitor cellular UPR activity (Fig. 4D, line
3) at levels higher than the vector control (line 2). These
experiments suggested that the 230-aa Hac1p is competent in
inositol biosynthesis but inefficient at activating UPR transcrip-
tion when expressed at low levels.

Given our finding that the 18-aa exon functions as a potent
activation domain, the simplest explanation for inefficient acti-
vation of the UPR by 230-aa Hac1p is that this protein lacks an
activation domain. To test this hypothesis, we fused the Gal4p
activation domain to the N terminus of Hac1p and generated the
multicopy vector YEp-GAL4(AD)-HAC1 (Fig. 4A). The pres-
ence of Gal4p(AD)-Hac1p fusion protein in the ire1D cells (Fig.
4B, lane 3, arrowhead) not only suppressed the inositol require-
ment (Fig. 4C, line 4) but also caused marked production of b-gal
from the UPRE-CYC1-lacZ reporter gene (Fig. 4D, line 4), up
to 50% of the level induced by TM in ERN1 cells (Fig. 4D, line
1, hatched bar); TM causes accumulation of unfolded proteins in
the ER by inhibiting protein N-glycosylation (1, 2). These results
strongly indicated that Hac1p needs to acquire an activation
domain to activate the UPR efficiently.

Discussion
Hac1p is the UPR-specific transcription factor controlling the
levels of ER chaperones. Hac1p is synthesized as a result of
unconventional splicing of HAC1 mRNA, which replaces the
C-terminal tail region of Hac1p from 10 to 18 aa. It was
previously suggested that the mature mRNA product (238-aa
Hac1p) has higher transcriptional activator activity than the
premRNA product (230-aa Hac1p) (16, 17). In this study, we
analyzed the molecular basis of the difference in their transac-
tivation potential. Whereas the last 10 aa of 230-aa Hac1p did not
activate transcription, the last 18 aa of 238-aa Hac1p showed a
marked stimulatory effect on transcription. In addition, phos-
phorylation of a single Ser residue seemed to be crucial for
transactivation by the 18-aa segment (Figs. 1 and 2).

Interestingly, the 18-aa exon appeared to resemble the acti-
vation domain one of the human heat shock factor one. Acidic
and hydrophobic residues, especially Asp-416 and Phe-418, were
shown to be important for transactivation by the activation
domain one consisting of 20 aa (25). Similarly, the 18-aa segment
of 238-aa Hac1p contained three Phe and the change in Ser-238*
to Asp more than doubled its activation potential. Phosphory-
lation of Ser-238* may be important because it would confer
acidity on the aa. In marked contrast, the 10-aa segment of
230-aa Hac1p contained neither Phe nor acidic residues, which
may explain why the 10-aa segment did not activate transcription.

Our current model for expression and activity of Hac1p is
summarized in Fig. 5. HAC1 mRNA is constitutively expressed
as an intron-containing premRNA, which is blocked for the
synthesis of active Hac1p at two levels. The presence of the
intron blocks synthesis of Hac1p at the level of translation as has
been shown (16, 17). This blockade is relieved by splicing:
Ire1p-mediated signaling from the ER specifically removes the
intron to produce the mature mRNA (left part of the model).
The splicing event also controls Hac1p at a second level as shown
here. As a result of mRNA splicing, the DBD encoded by the first
exon is detached from the C-terminal 10-aa and joined with the
potent activation domain encoded by the second exon. This
results in production of a highly active transcription factor 238-aa
Hac1p, leading to efficient activation of the UPR (Figs. 2 and 3).
We and others also showed that multicopy expression of HAC1
caused a leak from the translational block of HAC1 premRNA
without splicing (6–8). However, the UPR was not activated by
230-aa Hac1p thus expressed at low levels mainly because 230-aa
Hac1p lacked a potent activation domain (Fig. 4). The separation
of the activation domain from the DBD of Hac1p by the intron
may therefore provide a ‘‘fail-safe’’ mechanism for controlling
Hac1p activity. Even in the event that translation of intron-
containing HAC1 premRNA occurs in the absence of Ire1p-
mediated signaling from the ER, the resulting protein will
activate the UPR only slightly (Fig. 5, right part of the model).
Such tight control is necessary because inappropriate induction
of the UPR in the absence of unfolded proteins in the ER is toxic
to cells (6, 16).

Ire1p-mediated expression of Hac1p is required for the syn-
thesis of inositol (15). Thus, when signals come from the ER, not
only ER chaperones but also inositol biosynthesis is induced by
produced 238-aa Hac1p. Interestingly, the unspliced form of
Hac1p (230-aa Hac1p) is also able to suppress the inositol
requirement created by loss of Hac1p despite its low transcrip-
tional activator activity (Fig. 3) although its mechanism remains
to be clarified. Very importantly, perhaps, these results suggest
that yeast cells can stimulate inositol biosynthesis without UPR

Fig. 5. Model for expression and activity of Hac1p (see text).
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induction under some conditions not yet defined, if they could
relieve the translational block for the intron-containing prem-
RNA without activating splicing.

Recently, we showed that the promoter regions of each of
target genes of the UPR contain a single UPRE sequence
that is necessary and sufficient for induction and that UPRE
contains an E box (CANNTG)-like palindrome separated by
a one-nucleotide spacer that is essential for its function as
well as specific binding to Hac1p (7, 11). This characteristic
feature of UPRE appears to distinguish UPRE from other

cis-acting elements recognized by basic region-containing
transcription factors and is likely to explain why only ER
chaperones are induced in response to accumulation of un-
folded proteins in the ER. We propose that strict control of
expression, activity, and specificity of Hac1p all meet the
requirements of the ER.

We thank Masako Nakayama, Rika Takahashi, Seiji Takahara, and
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